We have experimentally demonstrated enhanced image contrast of sample fine structure in a coherent anti-Stokes Raman scattering ͑CARS͒ microscope using liquid crystal spatial light modulators as programmable Toraldo-style pupil phase masks. We demonstrated through modeling, implementation, and verification of the focal intensity and phase distributions of the excitation beams the trade-offs between improved image contrast and CARS signal levels.
time-resolved, 3 and heterodyne CARS, 4 allow for imaging with increased contrast and chemical specificity by reducing signals from bulk and nonresonant background signals. This has enabled the study of increasingly complex, both structurally and chemically, sample systems. 5 However, with this complexity comes an additional need to further improve image contrast and spectral sensitivity to keep pace with the level of detail required to accurately describe these systems.
To this end, several groups have studied the use of pointspread function ͑PSF͒ engineering and wavefront correction to further improve CARS microscopy. [6] [7] [8] Krishnamachari and Potma proposed that a sharp phase discontinuity within a focal volume, such as that produced across the on-axis null in a "bottle-beam" focus, could be used in CARS microscopy to highlight chemically/spectrally heterogeneous interfaces. In their numerical calculations, they showed that phase shifts within the focal volume can suppress the forward emission from bulk samples to enhance the image contrast seen from chemical interfaces. Recently they demonstrated this effect experimentally in one dimension ͑one scan direction͒ using a focus engineered ͑first order Hermite-Gaussian͒ Stokes beam to image a lateral interface. 9 These efforts were further extended numerically by Liu and Kim 8 to two dimensions. In their work, finite-difference time-domain models were used to show how a focus engineered pump and Stokes ͑both first order Laguerre-Gaussian͒ beams improve the retrieval of both fine structure ͑two dimensional͒ and interfaces ͑one dimensional͒ in CARS imaging. However, Liu and Kim pointed out that this improvement comes at the cost of signal intensity, and the increased contrast is disproportionately biased toward features that are comparable in size to the focal volume.
Motivated by these studies, we have implemented pupil phase masks and high numerical aperture ͑NA͒ PSF engineering in a CARS microscope. Consistent with the numerical results, an increase in contrast for interfaces and fine structure can be realized. Figure 1 shows the experimental layout for the CARS microscope with programmable spatial light modulator ͑SLM͒ pump and Stokes beam pupil phase masks. The laser source consists of two synchronized Ti:sapphire oscillators with 2.2 ps pulse widths. Their center wavelengths are set to 785 and 852 nm to produce a 1005 cm −1 frequency difference resonant with the polystyrene bead sample's C-C inplane vibrational mode. The laser light was sent through long-pass filters which blocked unwanted laser fluorescence below 750 nm. The beams were collimated and directed to liquid crystal SLMs, which generated a spatial phase profile across each beam. These SLMs are 768ϫ 768 pixel reflective phase modulators, which can produce a 4 phase shift at 785 nm. We measured each SLM's back-plane curvature and liquid crystal response with a 633 nm Michelson interferometer for accurate wave-front phase programming. 10 The phase correction becomes the baseline of the programed phase profiles. With this correction, the SLMs' phase profiles had a peak-to-peak error of less than 0.35 rad at 633 nm. third telescope relayed this image to the 1.42 NA microscope objective pupil. A short-wavelength transmitting dichroic mirror in front of the objective allowed epi-CARS detection. Forward CARS detection was done through a 0.5 NA lens placed after the sample. Laser scatter was removed from both beams using two dielectric short-pass filters, which transmitted wavelengths shorter than 750 nm and were specified with more than six optical densities at 785 nm and longer. The CARS signals were coupled into multimode fibers, which provided weak confocal detection, and directed to singlephoton avalanche photodiodes. The signals were typically 10-100 000 counts at 10 ms integration per pixel.
Focal field calculations were carried out to determine the phase-mask profiles necessary to achieve the desired PSFs which ranged from a conventional to a centrally nulled, bottle-beam focus. 11 Photoluminescence from a sample of 40 nm gold particles 12 was used to verify that the desired engineered focus was achieved. The results are shown in Fig. 2 . Also included in the figure are the phase profiles used to program the SLM: the phase step is highlighted with a white ring and the phase/wavefront corrections appear as dark irregularities. For discussion, the engineered focus can be thought of as a superposition of two focal fields defined by the phase-mask rings. The phase-mask step angle ͑or radius͒ controls the relative strength of these focal fields and thus the resulting distribution. For a 1.42 NA objective with a -phase-mask step at a normalized radius of 0.41 there results a destructive interference between the two regions ͑phase rings͒ at the center point of the focus with the regions above and below constructively interfering to form a bottle beam. When the -phase step is moved in either direction from 0.41, the cancellation at the center point diminishes, and the conventional focus begins to reappear. This progression is shown in Fig. 2 . Figure 2͑a͒ was taken with a flat phase profile which produced a conventional high-NA focus.
Figures 2͑b͒-2͑d͒ were taken with annular -phase steps placed at normalized radii of 0.17, 0.31, and 0.41, respectively. As can be seen from the figure, the focal spot begins to elongate in Fig. 2͑b͒ , is nearly separated into two lobes in Fig. 2͑c͒ , and is completely separated into the two lobes of a bottle beam in Fig. 2͑d͒ . Not shown, but also measured, are images taken as the step radius is further increased which 3 . ͑Color͒ Epi-CARS and forward-CARS images of 300 nm polystyrene beads. The image pair ͑a͒ and ͑b͒ was produced with a conventional focus, while the pair ͑c͒ and ͑d͒ was taken with a 0.17 radius, -phase step mask and the pair ͑e͒ and ͑f͒ with a 0.31 radius, -phase step mask. Next to each figure is shown a line trace taken along the same path in each image.
causes the re-emergence of intensity at the center point of the focus and the eventual return of the conventional focus.
With the engineered focus verified, CARS images were recorded of 300 nm polystyrene beads. The beads were dispersed on a glass cover slip at a dilute concentration to form close-packed structures. Figures 3͑a͒ and 3͑b͒ show epi-and forward-CARS images taken with conventional pump and Stokes beam foci. Rows of beads can be seen in the epi-CARS image in Fig. 3͑a͒ but cannot be resolved in the forward-CARS image in Fig. 3͑b͒ where the sample appears as a featureless film. This is particularly evident in the line traces shown next to each image and is consistent with epi-CARS' higher sensitivity to microscopic features. 2 For comparison, the contrast ratios for these two images were determined to be 2.8:1 and 1.4:1 for the epi-and forward-CARS images, respectively. This was calculated by assessing the average modulation amplitude of the resonate portion ͑poly-mer bead structures͒ of the sample relative to that of the nonresonate regions. Figures 3͑c͒ and 3͑d͒ show the resulting epi-and forward-CARS images when the 0.17 radius, -phase step mask was used to form the Stokes beam PSF. As can be seen in Fig. 2͑b͒ , this PSF has become elongated along the optical axis. In the forward-CARS image in Fig. 3͑d͒ rows of individual beads are now apparent, and the contrast has become comparable to the conventional epi-CARS image in Fig.  3͑a͒ : 2.1 compared to 2.8. Line scans through both images confirm this. Additionally, improvements in the epi-CARS image contrast ͑3.3:1͒ are evident relative to that of the contrast ͑2.8:1͒ in the conventional epi-CARS image in Fig.  3͑a͒ . Likewise, Figs. 3͑e͒ and 3͑f͒ show epi-and forward-CARS images when a 0.31 radius, -phase mask was used to form the Stokes beam PSF. The forward-CARS contrast ratio ͑1.1:1͒ and signal are now significantly reduced. However, the epi-CARS image continues to show a higher-contrast ratio ͑3.7:1͒, and individual beads are more clearly resolved relative to that of the conventional PSF epi-CARS image in Fig. 3͑a͒ .
As predicted numerically, 7, 8 improved image contrast was seen for forward-CARS using phase-masked engineered PSFs. The optimal PSF for the system described here was an intermediate design between the conventional focus and the bottle-beam focus due to the trade-off between higher image contrast and signal intensity falloff. By using this intermediate design, there was indeed cancellation of the bulk nonresonant background CARS signal, while maintaining enough intensity in the focus at the origin to produce a workable resonant CARS signal.
As the results show, the engineered focus improved the epi-CARS image contrast ratio from 2.8:1 to 3.7:1. Since the bulk nonresonant signal is largely forbidden in this signal, the improvement cannot be straightforwardly attributed to interference/cancellation effects. Alternatively, this improvement can be attributed to a super-resolution effect similar to Toraldo's original super-resolution concept, i.e., the narrowing of the center spot of an imaging system using annular phase masks. 13 While Toraldo's approach was limited by the appearance of intensity in the secondary diffraction rings, in a CARS microscope the effective PSF is governed by the overlap of the pump and Stokes beams. Thus, by narrowing the overlap region between the conventional pump-beam focus and the engineered-PSF Stokes beam focus, the secondary diffraction is eliminated and higher resolution achieved in a manner similar to stimulated emission depletion microscopy. 14 We are pursuing this concept with more advanced phase masks designed explicitly to control the overlap to further assess the potential for improved subwavelength resolution of this nonlinear microscope.
